We used next-generation RNA sequencing (RNA-Seq) technology on the whole transcriptome to identify genes whose expression is consistently affected by obesity across multiple arteries. Specifically, we examined transcriptional profiles of the iliac artery as well as the feed artery, first, second, and third branch order arterioles in the soleus, gastrocnemius, and diaphragm muscles from obese Otsuka Long-Evans Tokushima Fatty (OLETF) and lean Long-Evans Tokushima Otsuka (LETO) rats. Within the gastrocnemius and soleus muscles, the number of genes differentially expressed with obesity tended to increase with increasing branch order arteriole number (i.e., decreasing size of the artery). This trend was opposite in the diaphragm. We found a total of 15 genes that were consistently upregulated with obesity (MIS18A, CTRB1, FAM151B, FOLR2, PXMP4, OAS1B, SREBF2, KLRA17, SLC25A44, SNX10, SLFN3, MEF2BNB, IRF7, RAD23A, LGALS3BP) and five genes that were consistently downregulated with obesity (C2, GOLGA7, RIN3, PCP4, CYP2E1). A small fraction (ϳ9%) of the genes affected by obesity was modulated across all arteries examined. In conclusion, the present study identifies a select number of genes (i.e., 20 genes) whose expression is consistently altered throughout the arterial network in response to obesity and provides further insight into the heterogeneous vascular effects of obesity. Although there is no known direct function of the majority of 20 genes related to vascular health, the obesity-associated upregulation of SREBF2, LGALS3BP, IRF7, and FOLR2 across all arteries is suggestive of an unfavorable vascular phenotypic alteration with obesity. These data may serve as an important resource for identifying novel therapeutic targets against obesity-related vascular complications.
OVERNUTRITION AND LACK OF physical activity are the major triggers of the obesity epidemic in United States and worldwide (8 -10, 12, 39) . Currently, one-third of Americans are obese (31) , and according to projections this may reach 50% by 2030 (43) . Obesity is an important contributor to the development of Type 2 diabetes and cardiovascular diseases (2, 15, 17, 44) . Impairments in vascular function associated with obesity are attributable to concomitant systemic risk factors including hypertension, hyperlipidemia, hyperglycemia, hyperinsulinemia, inflammatory cytokines, and sympathetic overactivity (5, 20, 25, 27, 40, 41) . Notably, there is evidence that obesityrelated endothelial dysfunction and structural changes are not homogenous throughout the arterial tree. For example, studies using the hyperphagic Otsuka Long-Evans Tokushima Fatty (OLETF) rat model of obesity demonstrate that the soleus feed artery (SFA) is more resistant to impairments in vasomotor activity (6) as well as more resistant to increases in intimamedia thickness (21) compared with the gastrocnemius feed artery (GFA). A possible explanation for the fundamental differences in vascular function and structure between the SFA and GFA may be related to differences in the fiber type of the perfused muscle and different recruitment patterns (3) . Indeed, when the rat is standing, blood flow to the primarily slowtwitch, oxidative soleus muscle is two-to fourfold greater than that to the primarily fast-twitch, glycolytic gastrocnemius muscle (3) . To better understand the molecular signature underlying vascular heterogeneity, we recently performed a transcriptome-wide RNA sequencing (RNA-Seq) analysis and compared the SFA and GFA in lean rats vs. obese OLETF rats (22) . A striking finding in this analysis was that 78% of the obesityaltered gene transcripts in the SFA were not affected in the GFA (22) . This remarkable heterogeneous transcriptional effect of obesity has also been demonstrated in other models of obesity. For example, we recently adopted a microarray analysis approach to determine the extent to which vascular gene expression is altered in a pig model of diet-induced obesity (33) . We found that 85% of the genes altered with obesity in the left anterior descending coronary artery were not changed in the thoracic aorta (33) . Together, these studies demonstrate that the vascular transcriptional and functional effects of obesity are not homogenous among arteries.
Here we turn our focus and seek to identify the portion of genes and molecular networks that are consistently affected by obesity across multiple arteries. Our rationale is that identification of genes whose expression is homogeneously modulated with obesity may enhance our understanding of systemic vascular effects of obesity and lead to novel therapeutic targets. Accordingly, we aim to extend our previous RNA-Seq work in the OLETF rat model (22) by evaluating the effect of obesity across 15 different arteries. Specifically, we examined the iliac artery as well as the feed artery, first, second, and third branch order arterioles in the soleus, gastrocnemius, and diaphragm muscles in obese OLETF rats compared with lean counterparts. We reasoned that the gene expression effects of obesity in the vasculature perfusing the diaphragm would display a transcriptional profile more similar to that found in the soleus, than the gastrocnemius, due to comparable fiber type compositions and levels of recruitment. In addition, based on our previous studies (22, 33) , we hypothesized that a relatively small fraction (Ͻ20%) of the genes affected by obesity would be uniformly modulated across all arteries examined. phragm feed artery (DFA), diaphragm first branch order arteriole (D1a), diaphragm second branch order arteriole (D2a), and diaphragm third branch order arteriole (D3a). Visible blood clots were gently removed from the lumen side of each vessel with forceps to minimize the contamination of blood cells into the sample. Except for the iliac artery, GFA, and DFA, ϳ2-4 arteries were pooled within animal. Samples were kept in RNAlater for 48 h at 4°C and then removed from the RNAlater solution and stored at Ϫ80°C until analysis.
RNA extraction. Total RNA isolations were performed by the NucleoMag 96 RNA kit procedure (Clontech part #744350.1), as described in detail previously (22, 32) . All liquid handling was optimized for use on a Beckman3000 robotic liquid handler housed within a laminar flow hood (with UV decontamination) designed to ensure a clean room environment for working with microtissues that yield low (pg to ng) amounts of RNA. In brief, groups of 24 vessels were removed from the Ϫ80°C and immediately homogenized for 60 -120 s in their own 2 ml microtube using the mini-bead beater 24 (Biospec Product) in the presence of NucleoMag lysis buffer and several miniature chrome-steel (RNase treated) BBs. Care was taken to get complete microvessel disruption without extending grinding times to prevent the generation of excess heat. The resulting homogenate was then loaded onto the robot deck, and a digital photo was taken prior to transferring sample into 96-well microplates. The photo allowed us to have a physical record of each sample ID prior to being loaded into the microplate for accurate tracking purposes. This process was repeated four times to completely fill a 96-well microplate within 10 -20 min. The combination of using stabilized tissue and immediate homogenization in chaotropic salt-containing lysis buffer ensured the RNA was protected from RNase degradation during tissue disruption. Following homogenization, the RNA was bound to RNA beads in the presence of alcohol, and a magnet was used to perform several wash and elution steps in a completely automated fashion. This method included a DNase digestion step ultimately yielding RNA of similar yield and quality from column-based procedures. Immediately following RNA isolation, pure RNA was transferred to a new 96-well microplate, and a 5 l aliquot was taken into a second plate for RNA quality control (QC). Both plates were stored at Ϫ80°C using cryogenic plate seals and placed in secondary containment to prevent frost build-up on the plates during storage. Because we studied mRNA levels from whole artery homogenates, it is unclear whether differences in gene expression reported in this study are originating from the endothelium, smooth muscle, or adventia.
RNA QC (concentration and integrity). For assessing total RNA yield and integrity, we used tandem Agilent Bioanalyzer 2100 instruments in combination with the Total RNA 6000 Pico Assay. At the time of this study, the RNA Pico LabChip Kit was the only available platform to obtain unbiased assessment of RNA integrity (via RIN) and accurate results with extremely low RNA concentrations, such as those provided by microvessels. The qualitative range for the total RNA assay is 200 -5,000 pg/l, and the most important advantage of this system is the small amount of sample used (1 l), leaving the rest of the RNA for other applications. Typical yields from rat microvessels were ϳ500 -1,000 pg/l. RNA QC was performed using only the aliquot from each isolation plate.
Illumina library preparation (SMARTer amplification and RNA-Seq). Due to the low yields of total RNA from microvessels, total RNA could not directly be used in traditional Illumina gene expression profiling methods (RNA-Seq). Thus, the SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clontech, cat. #634935) was utilized for generating full-length cDNA transcripts prior to Illumina RNA-Seq library preparation. Briefly, the technology involves SMARTer firststrand cDNA synthesis and purification, utilizing the SMARTer anchor sequence and poly A sequence that serve as universal priming sites for end-to-end generation of single-stranded cDNA, followed by cDNA amplification with long-distance PCR (LD-PCR) using the manufacturer's recommended Advantage 2 PCR system (Clontech cat. #PT3281-1) containing a novel polymerase and ultrapure dNTPs specifically for Illumina sequencing. Using the concentration values from the Bioanalyzer RNA Pico Assay we sought to use 100 -1,000 pg of total RNA as input to the SMARTer 1st cDNA reaction.
Following cDNA generation, validation was performed using the Bioanalyzer 2100 High Sensitivity DNA Assay (Agilent cat. #5067-4626) for select samples from each plate of 96 samples to accurately size and quantitate DNA up to 12 kb in length, again consuming minimal sample volumes (1 l). After 14 cycles of LD-PCR amplification the final cDNA yields were estimated at ϳ1-10 ng for each microvessel, which is a suitable input amount for library preparation for cDNA/ChIP Seq library preparation. To generate Illumina PairedEnd RNA-Seq libraries, cDNA was fragmented to ϳ200 bp using the Q700 DNA fragmentation system (QSonica) and then used directly with the NextFlex DNA preparation kit (Bioo Scientific, cat. #5140-02) with some modifications. Briefly, fragment cDNA was end repaired and purified with 1.8ϫ SPRI beads to remove reaction components (Agencourt). The resulting blunt ends were A-tailed in preparation for cohesive ligation to the Illumina specific sequencing adapters diluted to 0.6 M working concentration (NextFlex DNA Adapters, Bioo Scientific, cat. #514104). Ligated DNA was purified twice with 1.0ϫ SPRI to remove adapter dimers and perform gel free size selection and then amplified through 14 cycles of PCR. The final sequencing construct was purified with a 1.0ϫ SPRI to remove low-molecular-weight adapter dimer artifacts (if any), and libraries were validated to contain ϳ330 bp fragments using the Bioanalyzer 2100 High Sensitivity DNA Assay. Library quantitation was performed using the Qubit 2.0 fluorimeter and the High Sensitivity DNA assay (Life Tech, cat. #Q32851).
RNA-Seq. By utilizing 48 unique adapter indexes during library preparation across each plate of 96 libraries created, we were able to overcome several common technical mistakes. First, it allowed us to account for technical biases through randomization of samples by vessel type (group) and animal group across each plate of samples. Second, by having a priori knowledge of the sequencing index used to identify each sample from the sequencing, we were able use a single manufacturing lot of adapters that were uniformly diluted and preplated to ensure similar ligation efficiencies across several plates (hundreds of samples) used in the study. Third, this indexing scheme allowed us to standardize the pooling of several libraries by row within each plate, where equimolar volumes of each sample in a plate row were pooled to a final concentration of 5-10 nM. Altogether, this approach prevented inadvertent use of the wrong adapters during preparation, randomized the sample and index combinations, and precluded library mislabeling. The final pools (Ͼ50 total) were each loaded on a single lane of single read 50 base sequencing on the Illumina HiSeq2000 and ultimately yielded ϳ175-200 million useable reads per lane (14 -17 million reads per RNA-Seq sample). Note, the combination of the 48 adapters that resulted in four pools of 12 indexes was carefully designed and wet lab tested to be compatible with the HiSeq to ensure maximum sequence yields and to ensure that each sample was correctly identified by the HiSeq during the index identification steps.
Statistical analysis. The analysis of the RNA-Seq data was carried out for all 15 arteries as described previously (22) , with one minor methodological difference: nonspecific filtering of samples was based on mean counts per million, with the cutoff determined based on when the expression level of spike-ins at different concentrations began to converge. Adjustment to the P values was made to account for multiple testing using the false discovery rate (FDR) method of Benjamini and Hochberg (7) . For all comparisons we chose 10% as our FDR threshold for statistical significance. As an empirical measure of the FDR, we evaluated what proportion of the identical ERCC probe/concentration combinations ("set B") appeared in our list differentially expressed genes. Similarly, we looked at a set of 13 putative housekeeping genes derived from a study of Ͼ13,000 rat samples (14) to have another estimate of our FDR. The set of genes was: ACTB, B2M, GAPDH, GUSB, HPRT1, HMBS, HSP90B1, RPL13A, RPS29, RP1P0, PPIA, TBP, and TUBA1. For both of these sets of controls, we also estimated the fold change of each of the genes as a measure of the accuracy of the fold change estimates. Based on our list of differentially expressed genes across all 15 arteries, networks were generated through the use of Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com), henceforth IPA, as previously described (22, 34) . IPA networks were scored based on the number of Network Eligible Molecules (NEMs) they contained, so that the higher the score, the lower the probability of finding the observed number of NEMs in a given network by random chance. Specifically, the score is the negative log10 of the P value from Fisher's exact test applied to a given network. For example, a score of 9 for a network implies a one-in-a-billion chance of obtaining a network containing at least the same number of NEMs by chance when randomly picking 35 molecules from the Ingenuity Knowledge Base (IKB). For a detailed description of the network generating algorithm, readers are referred to Calvano et al. (11) . Enrichment for canonical pathways, disease annotation, and gene ontology, were carried out using IPA and DAVID (with background of Rattus norvegicus). All tests were based on Fisher's exact test. In addition, we carried out Upstream Regulator Analysis in IPA in order to determine upstream molecules (i.e., regulators) in the causal network (IKB) that are connected to our set of reported genes through transcription or expression edges. Here, regulators may be transcription factors or any molecule (e.g., endogenous chemicals, drugs, microRNA) via indirect expression findings in the IKB. This is a two-step process that first tests for overlap between the regulators and the connected genes and the significant genes in the data set being analyzed (in our case this is the list of differentially expressed genes across all 15 arteries). This is carried out using Fisher's exact test. This is followed by an activation score, which is calculated based on the concordance of the predicted direction of the casual relationships, with each relationship weighted according to the degree of consensus on the literature and the number of reported findings they are based upon. Casual relationships with conflicting directions reported in the literature are naturally downweighted; findings based on several published reports are given more weight. The final score is reported in terms of z-scores (standard normal distribution). Finally, for the remaining data (i.e., non RNA-Seq) between-group differences for all descriptive variables were determined by using an independent t-test, for which statistical significance was declared at P Յ 0.05.
RESULTS
The reader is referred to Jenkins et al. (22) for detailed description of animal characteristics including body composition, food intake ( Fig. 1) , and blood parameters. In short, compared with LETO rats, OLETF rats were significantly (all P Ͻ 0.05) heavier (685.5 Ϯ 13.6 vs. 460.4 Ϯ 15.4 g), fatter (31.6 Ϯ 0.4 vs. 21.5 Ϯ 0.3% fat), and exhibited greater total cholesterol (149.6 Ϯ 7.1 vs. 95.3 Ϯ 4.2 mg/dl), TG (371.1 Ϯ 47.9 vs. 45.6 Ϯ 4.5 mg/dl), insulin (8.4 Ϯ 1.6 vs. 2.9 Ϯ 0.4 ng/ml), glucose (303 Ϯ 14.8 vs. 151 Ϯ 5.8 mg/dl), and HbA1c levels (7.2 Ϯ 0.4 vs. 5.0 Ϯ 0.1%). For the subsequent group comparisons reported involving all 15 arteries, the average ERCC Spike-in (set B, n ϭ 18 probes) empirical FDR was 0% at the nominal FDR cutoff of 10% (mean fold ϭ 1.06), while for the putative housekeeping genes the average was 3.3% (mean fold ϭ 0.992). When we ignored FDR, the observed type I error computed based on the spike-ins had a mean of 8.5% when we used ␣ ϭ 0.05. Although we planned a priori to use all 13 housekeeping genes as previously given, one of those (Tuba1) was not considered to be expressed in the data and was removed during the nonspecific filtering step. In their entirety, these findings strongly support the methodology used to identify differential expression because, on average, the fold changes for these controls are approximately equal to 1 and the empirical FDR is very low.
A full list of differentially expressed genes between LETO and OLETF rats for all 15 arteries is provided in Supplemental Dataset 1. 1 In addition, Fig. 2 displays the number of genes altered with obesity across all 15 arteries. The greatest number of differentially expressed genes with obesity was found in the iliac artery (446 genes upregulated and 298 genes downregulated). Within the gastrocnemius and soleus muscles, the number of genes differentially expressed with obesity tended to increase with increasing branch order arteriole number (i.e., decreasing size). In contrast, within the diaphragm, the number of genes differentially expressed with obesity tended to decrease with increasing branch order. Using Venn diagrams, Fig. 3 summarizes the number of genes upregulated and downregulated with obesity across arteries and the intersections within muscle. The greatest amount of overlapping effects of obesity within a muscle occurred in the diaphragm with 49 genes (32 upregulated, 17 downregulated). An interesting observation from these data is that the greatest number of genes whose expression is uniquely altered with obesity (i.e., lack of intersection among arteries) occurs in the third order arteriole for gastrocnemius and soleus muscles. However, for the diaphragm circulation, the greatest number of genes whose expression is uniquely altered occurs in the feed artery.
Figures 2 and 3 combined illustrate the marked heterogeneity effects of obesity on gene expression across the arterial network. It is also noted that the obesity effects in the diaphragm are distinctly different from the effects observed in the gastrocnemius and soleus circulations. We hypothesized that the gene expression effects of obesity in the vasculature perfusing the diaphragm would display a transcriptional profile more similar to that found in the soleus, vs. gastrocnemius, due to comparable fiber type compositions and activity of the muscle. Contrary to this hypothesis, we found a similar amount of overlap between the obesity effects produced in the soleus vs. diaphragm circulations (overlap of 27 genes) and the gastrocnemius vs. diaphragm circulations (overlap of 23 genes). Four genes that were modulated with obesity in the vasculature perfusing the hindlimb skeletal muscles, but not in the vasculature perfusing the diaphragm, were ANKRD29, AOX1, PLS1, and RTP4. Conversely, there were 29 genes that were modulated with obesity in the vasculature perfusing the diaphragm, but not in the vasculature perfusing the hindlimb skeletal muscles. Figure 4 illustrates the number of genes affected by obesity (in the same direction) in any one artery (2297 genes), any two arteries or more (587 genes), etc., out of the 15 arteries examined. As noted, there is an exponential decline in the number of genes affected by obesity as the level of stringency increases (from any one artery out of the 15 arteries to 15 arteries out the 15 arteries). There were 36 genes affected by obesity in any 13 arteries or more out of the 15 arteries Number of genes differentially expressed with obesity Gastrocnemius Muscle Soleus Muscle Diaphragm Fig. 2 . Number of genes significantly altered by obesity in each of the 15 arteries. GFA, gastrocnemius feed artery; G1A, gastrocnemius 1st branch order arteriole; WG2A, white gastrocnemius 2nd branch order arteriole; WG3A, white gastrocnemius 3rd branch order arteriole; RG2A, red gastrocnemius 2nd branch order arteriole; RG3A, red gastrocnemius 3rd branch order arteriole; SFA, soleus feed artery; S1A, soleus 1st branch order arteriole; S2A, soleus 2nd branch order arteriole; S3A, soleus 3rd branch order arteriole; DFA, diaphragm feed artery; D1A, diaphragm 1st branch order arteriole; D2A, diaphragm 2nd branch order arteriole; D3A, diaphragm 3rd branch order arteriole.
(Supplemental Dataset 2). There were 26 genes affected by obesity in any 14 arteries or more out the 15 arteries (Supplemental Dataset 3). There were 20 genes affected by obesity in all 15 arteries. The list of 587 genes affected in any two arteries or more out of the 15 arteries is presented in Fig. 5 . In this heat-map the reader can appreciate the pattern of differences in gene expression between lean and obese rats (magnitude and direction) across all 15 arteries. A heat-map with all 2,297 genes affected by obesity in any one artery is not shown because the size of the figure impeded its legibility. Figure 6 shows the list and expression levels of the 20 genes (15 upregulated, 5 downregulated) that were altered with obesity in all 15 arteries. As noted, the direction of change in gene expression, but not the magnitude, was the same among all arteries. In addition, we examined the top Ingenuity Canonical Pathways and top Diseases/Functions Annotation produced by IPA using the list of 20 differentially expressed genes (Supplemental Dataset 4). DAVID analyses were also carried out, but no gene ontology terms or Kyoto Encyclopedia of Genes and Genomes pathways were significant.
As summarized in Fig. 7 , we also sought to evaluate the gene expression effects of obesity according to vessel size. Beyond the 20 genes affected by obesity among all 15 arteries, there were 15 additional genes that were affected among all larger vessels and seven additional genes that were affected among all smaller vessels. We performed functional analyses on the genes consistently altered by obesity in the large and small vessels (i.e., the lists in Fig. 7) . For small vessels, no biological processes were statistically significant. For large vessels, the two biological processes that were statistically significant were "Response to wounding" (molecules involved: MST1, CCL5, TM4SF4) and "Immune response" (molecules involved: OAS1I, RT1-CE14, CCL5). The lack of more significant biological functions is likely due to the short lists (i.e., 7 genes for small vessels and 15 genes for large vessels) entered into the analysis. Fig. 3 . Venn diagram illustrating number of genes significantly upregulated (red) and downregulated (green) by obesity in each of the 15 arteries organized by muscle. This figure illustrates the overlapping vascular effects of obesity within each muscle. Overlap of the circles of 2 arteries indicates arteries that had the same altered gene expression. Thus, the center overlap contains a subset of genes whose expression was changed in all arteries of that muscle/artery. For example, in the gastrocnemius with white portion there were 25 genes whose expression was upregulated and 11 genes whose expression was downregulated in all arteries/arterioles sampled from this muscle. The total number of genes interrogated was 10,447. Figure 8A illustrates the top gene network generated by IPA based on the list of 20 genes consistently affected by obesity across all 15 arteries. The score of this gene networks was 28. Although this score may be deemed low, such a judgment is made on the basis of considering networks constructed using a much larger set of input genes (typically Ͼ100) than the small set of 20 genes used here. Indeed, it is quite remarkable that any substantial networks could be generated from a modest set of genes. For contrast, in Fig.  8B , we illustrate the top gene network generated by IPA based on a list of 97 genes (Supplemental Dataset 5) that corresponds to the number of genes altered with obesity in eight or more arteries out of the 15 arteries examined (Fig.  4) . The score of this gene network was 44. Figure 9 shows the results of the Upstream Regulator Analysis in IPA including overlapping P values (P Ͻ .001) for each of the top five regulators, along with the number of downstream targets in our data set. Activation scores are only given for regulators that overlap with more than two genes in our data set. Based on these findings, the diagram presented in Fig. 9 was constructed to illustrate the relationship between the top five regulators and their targets.
DISCUSSION
Using the OLETF rat model, we evaluated the impact of hyperphagia-induced obesity and related metabolic complications on arterial vascular gene expression profiles. In particular, RNA-Seq analysis was performed on the iliac artery as well as the feed artery, first, second, and third branch order arterioles of the soleus, gastrocnemius, and diaphragm muscles in lean and obese rats. We took a holistic approach to examine the effects of obesity associated with excess nutrient intake on the entire transcriptome from a variety of arteries instead of focusing on expression of a targeted set of genes from a single vessel. The artery with greatest number of differentially expressed genes with obesity was the iliac artery (446 genes upregulated, 298 genes downregulated). This high number of altered genes in the iliac artery, relative to downstream skeletal muscle feed arteries and arterioles, is perplexing and requires further investigation to elucidate the mechanisms. In the gastrocnemius and soleus muscles, the number of genes differentially expressed in the resistance arteries was increased with increasing artery branch order number; however, the reverse was true in the diaphragm. Notably, we identified 2,297 genes whose expression was significantly altered with obesity in any one artery out of the 15 arteries examined and 20 genes whose expression was significantly altered with obesity across all 15 arteries (Fig. 4) . A small fraction (ϳ9%) of the genes affected by obesity was consistently modulated across all arteries examined. Alteration in the expression of a number of these genes is suggestive of a of an unfavorable vascular phenotypic alteration with obesity.
The concept that systemic cardiovascular risk factors, such as obesity, produce heterogeneous effects on the vasculature has been gaining recognition. For example, current data indicate that overweight women exhibit impaired flowmediated dilation in the femoral, but not brachial, artery (4) . Animal data also demonstrate that obesity-mediated changes in vascular function (6) and structure (21) are artery-specific. At the transcriptional level, recent studies also support the idea that the effects of obesity are not homogeneous throughout the arterial tree, independent of the animal model (22, 33) .
The focus of the present study was to identify the genes whose expression was homogenously modulated with obesity across all arteries evaluated. Identification of genes whose expression was altered in all arteries in response to obesity may enhance our understanding of systemic vascular effects of obesity and possibly lead to novel therapies. Although the majority of differentially expressed genes uniformly altered across all 15 arteries have no identified function in the vasculature, some of these genes seem relevant for modulating arterial health, including SREBF2, LGALS3BP, IRF7, FOLR2, and CYP2E1.
The sterol regulatory element binding transcription factor 2 (SREBF2) gene codes for sterol regulatory element binding protein 2 (SREBP2), which is the master nuclear transcription factor that regulates genes involved in cellular cholesterol biosynthesis, uptake, and excretion (29, 30) . Abnormally elevated SREBP2-dependent de novo lipogenesis contributes to the development of hepatic steatosis in insulin resistance (18, 26, 36) . Indeed, the function of SREBP2 on lipid homeostasis, as well as its dysregulation in fatty liver disease and obesity, has been well described (16, 18) . Hepatic SREBP2 upregulation parallels the severity of liver disease in animal models and humans (29) . Given that nonalcoholic fatty liver disease and atherosclerotic lesions in humans have shared pathological traits, such as the deposition of excess lipids in the liver or on the vascular wall, the role of SREBP2 in modulating vascular function has also been recently explored (26) . Current data provide evidence of increased expression of SREBP2 in atherosclerotic lesions from diabetic pigs and humans (26) . The current understanding is that upregulation of SREBP2 can lead to stimulation of NLRP3 inflammasome and contribute to vascular lipid deposition and inflammation in atherosclerosis (1, 26, 45) . In this regard, recent data from in vitro and in vivo approaches indicate that the atheroprone flow-induced endothelial inflammation and oxidative stress are mediated through SREBP2-elicited NLRP3 inflammasome (45) . Also of interest is the finding in humans that polymorphisms of SREBF2 might be genetic factors involved in the pathogenesis of vascular dementia (24) . These observations together with our finding that obesity is overtly associated with increased expression of SREBF2 throughout the arterial tree stimulates the possibility that SREBP2 may be a target of interest for preventing or treating obesity-related vascular disease. 
Genes impacted by obesity in more than one vessel Vessels Fig. 5 . Heat-map of 587 genes significantly affected by obesity in Ͼ1 artery out of the 15 arteries. Shading is in proportion to the size of the fold difference (red, upregulation; green, downregulation; log2 fold difference). Rows are genes and columns are vessels. Zoom-in function is needed to discern the name of the genes. *Fold changes (OS/LS) that were significant at false discovery rate Ͻ 0.10.
We also found increased expression of LGALS3BP across all vessels examined. LGALS3BP encodes galectin-3-binding protein (Gal-3BP). Gal-3BP is a widely expressed and secreted glycoprotein that belongs to the galectin family of beta-galactoside-binding proteins. It binds to galectins, beta 1-integrins, collagens, and fibronectin and is implicated in modulating cell-cell and cell-extracellular matrix adhesion. It was originally identified in the supernatant of human breast cancer cells. In a recent study, it was found that Gal-3BP is produced from proinflammatory (M1), but not anti-inflammatory (M2), human macrophages (38) . Importantly, this study demonstrated that plasma levels of Gal-3BP were significantly associated with increased carotid artery disease and stiffness in human patients (38) . These findings combined with our observation that LGALS3BP expression was increased with obesity in all 15 arteries examined suggest that the assessment of Gal-3BP has potential predictive or diagnostic value with respect to vascular health.
In addition, we found that vascular expression of interferon regulatory factor 7 (IRF7) is uniformly increased in all 15 arteries with obesity. IRF7 is a member of the interferon regulatory transcription factor (IRF) family that has been shown to play a role in the transcriptional activation of virus-inducible cellular genes, including the type I interferon genes. Constitutive expression of IRF7 is largely specific to lymphoid tissue and plasmacytoid dendritic cells, whereas IRF7 is inducible in many tissues including the vascular wall, as shown here. Although endothelial cell culture studies show that viral infection upregulate IRF7 (13) , to our knowledge the present study is the first to provide evidence that obesity leads to increased vascular expression of IRF7. This finding seems important given a recent report indicating that IRF7 deficiency prevents dietinduced obesity and insulin resistance (42) . Wang et al. (42) demonstrated that IRF7 expression is increased in white adipose tissue, liver, and skeletal muscle of both dietinduced obese mice and ob/ob mice compared with lean counterparts. After eating a high-fat diet, IRF7 knockout mice had less weight gain and adiposity as well as improved insulin sensitivity (42) . Notably, IRF7 knockout mice exhibited less macrophage infiltration into multiple organs and were protected from local and systemic inflammation (42) . From this study it was concluded that IRF7 is involved in the etiology of obesity and metabolic abnormalities, thus We also showed that obesity was associated with increased vascular expression of folate receptor 2 (FOLR2), which is a member of the folate receptor (FOLR) family. FOLR2 is a glycoprotein that is anchored to the membrane via glycosyl phosphatidylinositol. It mediates the cellular uptake of dietary folates that are required for key steps in amino acid metabolism. FOLR2 is predominantly expressed in placenta, myeloid cells, and some CD34ϩ hematopoietic progenitor cells. It is upregulated on some cancer cells and at sites of chronic inflammation including atherosclerotic lesions. Indeed, FOLR2 is upregulated on activated macrophages in atherosclerotic plaques (19, 28) . Recent data demonstrate increased mRNA and protein expression of FOLR2 in atherosclerotic lesions compared with normal artery walls from humans (28) . In addition, FOLR2-positive cells colocalize with activated macrophages (CD68) in plaque tissue (28) . Interestingly, it has been proposed that selectively targeting FOLR2-positive macrophages through folate-based radiopharmaceuticals may be useful for noninvasive imaging of vascular inflammation (19, 28) . Our finding is significant in that we show increased vascular expression of FOLR2 with obesity in the absence of atherosclerotic lesions. OAS1I  CCL5  UBA5  ZFP280B   DEAF1  LMO2  RT1-CE14  STAT2   TM4SF4  MST1  CES1E  ANKRD29   NIF3L1  TATDN3  ITM2C   PLA2G2A  CCT6A  AOX1  RTP4 FAM109B CX3CL1 MKNK2 Fig. 7 . Genes whose expression is significantly altered by obesity in larger vs. smaller arteries. Beyond the 20 genes affected by obesity among all 15 arteries (Fig. 6 ), there were 15 additional genes that were affected among all larger vessels and 7 additional genes that were affected among all smaller vessels. Among the five genes downregulated with obesity across all arteries is CYP2E1, which encodes a member of the cytochrome P450 superfamily of enzymes. The cytochrome P450 proteins are mono-oxygenases that catalyze many reactions involved in drug metabolism and synthesis of cholesterol, steroids, and other lipids. Our finding that vascular expression of CYP2E1 was reduced with obesity can be interpreted in light of findings from others demonstrating that CYP2E1 is expressed in liver peroxisomes and downregulated with ischemia/reperfusion (35) . Also relevant is the study by Zhang et al. (46) concluding that increased sensitivity to phenylephrine in arteries of spontaneously hypertensive rats is attributable to a vasoregulatory imbalance produced by a deficit in vascular CYP2E1-derived products. On the other hand, a recent study demonstrated increased CYP2E1 expression in the aorta of streptozotocin-induced diabetic mice (model of Type 1 diabetes), which was associated with impaired vasomotor function (37) . Thus, it appears that the modulation of CYP2E1 expression is largely dependent on the disease model.
A B
In conclusion, based on a whole transcriptome analysis, the present study identified 20 genes whose expression was consistently altered throughout the arterial network in response to obesity in the OLETF rat model (Fig. 6 ), which represents a ϳ9% overlapping effect of obesity among all arteries examined. This list included the upregulation of SREBF2, LGALS3BP, IRF7, and FOLR2, which all may contribute to an unfavorable vascular phenotypic switch induced by obesity. Our Upstream Regulator Analysis using IPA reveals five molecules (i.e., TNK1, PPP2CA, BAK1, IFNG, and IFNB1) that regulate a number of downstream targets included in the list of 20 genes consistently altered with obesity throughout the vasculature (i.e., IRF7, OAS1B, CYP2E1, C2, LGALS3BP, and SREBF2) (Fig. 9) . These upstream molecules may be viewed as regulators of vascular gene expression in response to obesity. Given our breadth in the vascular assessment (i.e., 15 arteries were examined), these data (Supplemental Dataset 1) are an important resource for identifying genes that may be mechanistically linked to obesity-associated systemic vascular complications. Future research should examine the interaction between genetic background differences and obesity in the regulation of vascular gene expression. For example, it is unknown if inherent differences in vascular gene expression are present in obesity prone vs. resistant animals (i.e., before the animals become obese). In addition, further research is also needed to evaluate whether expression of obesity-responsive genes is modulated with pharmacological and/or nonpharmacological (e.g., exercise) interventions.
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